Membrane palmitoylated protein 4 (Mpp4) is a member of the membrane-associated guanylate kinase family. We show that Mpp4 localizes specifically to the plasma membrane of photoreceptor synaptic terminals. 
Introduction
The photoreceptors are highly polarized sensory neurons, with their subcellular structures stratified into distinct layers in the retina. In the outermost layer are the outer segments, the elongated organelle that specializes in phototransduction. At the opposite end, the synaptic terminals lie in the outer plexiform layer (OPL). In the dark, photoreceptors are depolarized and L-type Ca 2+ channels, clustered beneath synaptic ribbons, couple membrane depolarization to Ca 2+ influx to maintain continuous release of neurotransmitters. Absorption of light by rhodopsin in the outer segment activates the phototransduction cascade leading to closure of the cGMPgated channels and reduction of sodium influx. The resulting hyperpolarization closes Ca 2+ channels. PMCAs continue to extrude Ca 2+ from the synaptic terminals to the extracellular medium (1) , and SERCA2 pumps cytosolic Ca 2+ into the internal stores, the lumen of the endoplasmic reticulum (ER). These coordinated actions lower cytosolic Ca 2+ and neurotransmitter release ceases. In this way, signals are transmitted from photoreceptors to second-order neurons in the retina (2, 3) .
Mpp4 is a retina-specific protein (4, 5) present at the photoreceptor synapses. There are conflicting reports as to whether it is also present at the connecting cilia, outer limiting membrane, or even in other cells of the retina (5) (6) (7) (8) (9) (10) . Mpp4 belongs to the p55-subfamily of membrane-associated guanylate kinases (MAGUKs). Sequence analysis found L27, PDZ, SH3
and GUK domains (Fig. 1A) , all of which are capable of mediating protein-protein interactions.
The related protein Mpp5 and Veli3 interact physically with Mpp4 (5, 9) . In addition, PSD95, Veli3 and Dlg1 are shown to be present in a complex with Mpp4 (10) . These data suggest that
Mpp4 may function as a scaffolding protein in a multiple-protein complex at the synaptic terminals of photoreceptors.
The physiological function of Mpp4 has remained undefined. No functional deficits were reported in a Mpp4 knockout mouse line (10) . In the present study, we generated an independent line of Mpp4 knockout mice and carried out detailed phenotype analyses. We demonstrate that
PMCAs associate with the presynaptic membrane protein complex in which Mpp4 is a component, and that gene ablation of Mpp4 leads to loss of PMCAs from the presynaptic membranes, perturbation of Ca 2+ homeostasis, and abnormal synaptic transmission from rod photoreceptors to second-order retinal neurons.
Results

Mpp4 protein expression was completely abolished in the Mpp4 knockout mice.
Mpp4
-/-mice were generated by replacing the second exon of the Mpp4 gene, which contains the translational start codon, with a neomycin cassette (Fig. 1B) . The replacement was confirmed by PCR using genomic DNA (Fig. 1C ). Mpp4 protein expression was completely abolished in the retina of Mpp4 -/-mice as shown by immunoblotting (Fig. 1D ). Mpp4 -/-mice were viable and appeared comparable to their wild type littermates in reproductive performance and general health.
Mpp4 was localized at the synaptic terminals of both rod and cone photoreceptors.
Immunostaining in the wild type retina found Mpp4 at the synaptic layer of the photoreceptors (OPL, Fig. 2A ). There were no Mpp4 signals at either the connecting cilium or the outer limiting membrane ( Fig. 2A) , a finding that differs from previous reports (8) (9) (10) . As a negative control, staining of Mpp4 -/-retinas did not detect signals at the OPL ( Fig. 2A ).
Immunoelectron microscopy revealed that Mpp4 was primarily distributed along the plasma membrane of the photoreceptor synaptic terminals (Fig. 2B ). In addition, double staining with Mpp4 and peanut agglutinin, a marker for cone photoreceptors, confirmed the presence of Mpp4 in cone synaptic terminals (Fig. 2C ).
PMCAs interacted with the Mpp4-dependent scaffolding complex at the photoreceptor presynaptic membranes.
Four genes code for four PMCA isoforms, and PMCA1, 2 and 4 have been found at the photoreceptor synaptic terminals (11, 12) . Double immunostaining for Mpp4 and PMCA (all isoforms) suggested their co-localization at the presynaptic membranes (Fig. 3A) . PMCA signals were diminished in the Mpp4 mutant as revealed by immunostaining with either a pan-PMCA antibody (Fig. 3A) or a PMCA1 isoform-specific antibody (data not shown). Veli3 and PSD95
were also lost from the synaptic terminals of the Mpp4 mutant ( Fig. 3 B, C) , confirming the observations in an earlier report (10) . Double staining for Mpp4 with either synaptophysin or SV2, two synaptic vesicle-associated proteins found them enveloped by Mpp4, consistent with Mpp4 being in the presynaptic plasma membranes (Fig. 3D, E) . The signals of synaptophysin and SV2 were unaltered in the mutant.
We studied the interactions among Mpp4, PSD95, Veli3, PMCA1 and PMCA4 by yeast twohybrid analysis. The b splicing isoforms of PMCA1 and PMCA4 have a PDZ-binding domain and were used in this analysis. The results (Fig. 4A, B) confirmed the reported interactions of Veli3 with Mpp4 (5), PSD95 with PMCA4b (13) , and the reported self-interaction of Mpp4 (9).
We also identified novel interactions between Veli3 and PMCA isoforms, and between PSD95
and PMCA1. found in a highly restricted location in close proximity to the synaptic ribbons (Fig. 5A, B ).
Quantitative analysis found that SERCA2 was increased in the photoreceptor terminals of Mpp4 -/-mice (Fig 5C, G) . Immunostaining of IP 3 RII demonstrated that it was located at both the basal outer segments and the synaptic terminals (Fig. 5D , E). The IP 3 RII immunostaining signal appeared to fill the synaptic terminals (Fig. 5D , E). IP 3 RII signal intensity in the mutant was increased by 3-fold at the basal outer segments and was decreased by about 20% at the synaptic terminals ( Fig. 5F , G), suggesting a shift in the distribution from the synaptic terminals to the outer segments. IP 3 R type I (IP 3 RI) was found primarily in the photoreceptor inner segments and remained unchanged in the mutant (data not shown). The α1F subunit (CACNA1F) is the primary α1 subunit of the L-type Ca 2+ channel in the rod terminals (18) , which forms the channel pore in the membrane. Immunostaining of CACNA1F did not find any obvious changes in the mutant mice, whether they were raised under cyclic lighting or in constant darkness (data not shown The height of the ribbons, measured as the distance between the active zone and the top edge of the ribbon on cross section electron micrographs, differed substantially between the wild type and the mutant ( Fig. 6A and 6B ). Because synaptic ribbons vary in size under different lighting conditions (24) , examinations were carried out under both dark-and light-adapted conditions.
Ribbon height was greater in the mutant than in the wild type under both dark-and light-adapted conditions ( Fig. 6C and Table 1 ). Thus while the length of the ribbons remained similar between mutants and controls, the height of the ribbons increased in the mutant translating into larger sized ribbons.
Synaptic transmission from rod photoreceptors to second-order neurons was abnormal in
Mpp4
-/-mice.
Before assessing the functional effects of Mpp4 knockout on synaptic transmission, we sought to determine if phototransduction in the outer segments was altered by recording flash responses of single rods. Mpp4 -/-rods were capable of responding (Fig. 7A ), although they were unexpectedly more sensitive than normal; they required half as much light to elicit a halfmaximal response ( Fig. 7B and Table 2 ). In our limited sample of rods, the single-photon response of Mpp4 mutants was not significantly larger ( Fig. 7C and Table 2 ). Photon capture and amplification of the phototransduction cascade depend upon intracellular volume (25) but rod outer segment diameter and disk spacing were normal in the mutant rods (Table 1) . We attribute the increased sensitivity of photoresponse in the Mpp4 mutant to the 1.9-fold lower expression of rhodopsin kinase (Fig. 7E ) and 1.4-fold lower expression of recoverin ( ablation and decreased levels of rhodopsin kinase and recoverin is not understood, but the adaptive changes to homeostatic regulation of Ca 2+ in the photoreceptors may offer an explanation (see Discussion). Levels of transducin α-subunit ( Fig. 7D ), PDE and arrestin (not shown) were normal. The activity of Na + /Ca 2+ , K + exchanger, a Ca 2+ extrusion mechanism in the outer segments, was also normal ( Table 2 ).
Given that phototransduction remained largely intact in Mpp4 -/-rods, we assessed synaptic transmission by ERGs. ERG a-waves reflect the activity of photoreceptors, and ERG b-waves and oscillatory potentials both reflect the activity of second-order retinal neurons in response to synaptic transmission from photoreceptors. Under dark-adapted conditions that primarily reflect rod activities, the ERG a-wave waveform and amplitude of the Mpp4 mutant were not significantly different from those of the wild type, consistent with an intact photo-response mechanism in the outer segments (Fig. 8 ). The ratio of b-to a-wave amplitudes ( Fig. 8B ) and the amplitude of oscillatory potentials ( Fig. 9 ), however, were significantly decreased in Mpp4 mutants at all ages tested (1, 1.5, 8.5 and 13-months of age; Table 3 ). The b-wave amplitudes decreased ( Fig. 8C ) and implicit times increased ( Fig. 8D ) in the mutant. The difference between the mutant and the wild type was more pronounced at older ages ( Fig. 8 and Table 3 ). Under light-adapted conditions, which isolated the cone responses, the ERG b-waves did not appear to be different (not shown). Overall, synaptic transmission from rods to second-order neurons was maintained but displayed reduced efficiency as indicated by the lower b-wave amplitudes and oscillatory potentials.
Discussion
This study demonstrates that Mpp4 is essential for PMCAs to localize to the presynaptic plasma membranes of photoreceptor cells (Fig. 10A ). In mice lacking Mpp4, PMCAs were not detected at the photoreceptor synaptic terminals by immunofluorescence, although the proteins were found at normal levels by immunoblotting in retinal extracts. 3 RII and recoverin might, to some extent, offset the loss of PMCAs from the synaptic terminals. In the outer segment, rhodopsin kinase and recoverin play a role in the shutoff of rhodopsin. In mutant rods, the increase in rod sensitivity caused by decreased expression of rhodopsin kinase and recoverin could ensure adequate single photon sensitivity in the face of a lowered efficiency of signal transmission at the synapse.
Significant reduction in the dark-adapted ERG b-wave with preservation of the a-wave is a common feature in several mouse models with defects in proteins functioning in signal transmission at the OPL (20-22, 27, 28, 30-35 The ERG findings in our Mpp4 knockout mice differ somewhat from those in the previously published Mpp4 knockout mouse study, in which ERG abnormalities were not found (10) . 
Materials and Methods
Generation of Mpp4 -/-mice
Two genomic fragments (2. cassette, and two of them were separately microinjected into C57BL/6 blastocysts. The resulting chimeras were crossed with C57BL/6 mice, and homozygotes were produced by F1 sibling mating. Heterozygous and homozygous mice were identified with respect to the targeted allele by PCR (Fig. 1B, C) . Homozygous mutant mice derived from the two clones did not show any phenotypic difference, hence they were combined for subsequent analyses and data collection.
All procedures on animals followed institutional guidelines.
Antibodies
Mpp4 antibody was raised in rabbit against a recombinant protein encompassing amino acid residues 151-633 of the murine Mpp4 sequence, and was affinity-purified before use. antibody was tested for its specificity by immunoblotting of skeletal and cardiac muscles (not shown). It recognized a single protein band at approx. 110 kDa in both tissues as had been widely reported. In the retina, this antibody recognized a protein at about 110 kDa (Fig. 5B) .
Immunofluorescence, quantitative image analysis and electron microscopy
Eyes were enucleated, placed in fixative and their anterior segments and lens were removed.
Fixation continued overnight. The fixative was 4% formaldehyde/PBS in most cases or 2% formaldehyde/0.1% glutaraldehyde/PBS for double labeling of Mpp4 with other proteins. The fixed tissues were soaked in 30% sucrose/PBS for over 3 hours, shock frozen and sectioned at 10-μm thick in a cryostat. For antigen retrieval, tissue sections were treated sequentially in Tris (25 mM)/Glycine (200 mM) buffer (pH 7.0) at 80°C for 2 hours, hydroxylamine at 80°C for 10 minutes, sodium borohydride at room temperature for 10 minutes, and 1 mM mercaptoethanol at room temperature for 10 minutes. For SERCA2 staining, unfixed frozen tissues were sectioned, post-fixed in 4% formaldehyde/PBS for 10 min and permeabilized by 0.2% Triton X-100/PBS for 5 minutes. Subsequent incubation and washing steps were as described previously (36) .
Sections were viewed and photographed on a laser scanning confocal microscope (model TCS SP2; Leica).
Image data were acquired from wild type and Mpp4 mutant tissues under identical conditions that produced only a few saturated pixels, and were analyzed quantitatively using the image processing program, ImageJ 1.34s (NIH). Three regions along the vertical meridian (two at the periphery and one close to the optic nerve) were measured and averaged for each tissue section. signal at the outer segments were subtracted. Transmission electron microscopy and immunoelectron microscopy were carried out as previously described (36) .
Yeast two-hybrid, immunoprecipitation and immunoblotting analyses
Mouse Mpp4 (accession number, NP_660125), Veli3 (accession number, NP_035829), PSD95 (accession number, NP_031890) and C-terminal fragments of PMCA1b (aa 1110-1220, accession number, NP_080758) and PMCA4b (aa 1097-1205; accession number, NP_998781)
were PCR amplified from retina cDNAs, and cloned into pGADT7 and pGBKT7 vectors. Yeast two-hybrid analysis was performed as described previously (36) .
Retinas were dissected from 6 wild type and 6 mutant mice at the age of 5 weeks. The tissues were homogenized and incubated for 30 minutes in a lysis buffer (50 mM Tris-HCl pH8.0, 150 mM NaCl, 0.5% Triton X-100, 5 mM EDTA, 0.5 mM PMSF, 1X protease inhibitor, and 1 mM DTT). They were then incubated with protein G sepharose (Amersham Biosciences, Piscataway, NJ) for 1 hour and centrifuged at 18,000g for 10 minutes to remove non-specific precipitates.
The supernatants were incubated with the primary antibody for 3 hours and then centrifuged at 18,000g for 10 minutes. The resulting supernatants were incubated with protein G sepharose for an additional hour. After a brief centrifugation at 2000g, the pellets were washed with the lysis buffer four times and then boiled in Laemmli protein sample buffer. All incubation and centrifugation procedures were performed at 4˚C. A non-immune rabbit IgG served as a negative control. Immunoblotting and protein quantification were carried out as described previously (36, 37) . To perform immunoblotting of SERCA2, 2 retinas were sonicated in 500 µl of H2O and solubilized in Laemmli protein sample buffer. The samples were loaded on SDS-polyacrylamide gels without boiling (to avoid formation of rhodopsin aggregates).
Quantitative morphologic assessment of the rod photoreceptors
The synaptic ribbons in the rod synaptic terminals are tethered to the arciform densities via a cytomatrix protein complex in which the protein Bassoon is a component (22) .
Immunofluorescence staining for Bassoon gave discrete crescent-shaped objects in rods, which were measured as representing synaptic ribbon length in the en face view. The Bassoon signals from cone synaptic terminals were distinct from rods and excluded in this assessment. The individual measurements of synaptic ribbon length were normalized to the wild type average prior to statistical analysis. The density distribution (number of discrete crescent-shaped objects per unit area in the OPL) was taken to represent the density distribution of rod synaptic terminals. On electron micrographs, the height of synaptic ribbons, the size and density distribution of synaptic vesicles and the size of synaptic terminals were measured. Ribbon height was measured from the arciform density to the tip of the ribbon, i.e., the distance the ribbon jutted into the cytoplasm. Twenty to 50 ribbons were measured each eye. One eye was measured from each animal. In total 7 animals were analyzed in each group. Statistical analysis was carried out based on 7 animals with 20-50 repetitive measurements. Because ribbon height was reported to fluctuate during a 24-hour diurnal cycle and differ between black and albino C57BL/6J mice (38, 39) , we compared ribbon height between the Mpp4 knockout and wild type mice, all of which had agouti coat color, at the same time point during a day. Eyes were enucleated from mice that were dark-adapted overnight (dark-adapted) and from mice that were dark-adapted followed by light adaptation for one hour (light-adapted). The measurements were carried out using ImageJ 1.34s (NIH). Morphologic assessment of rod outer segments was carried out as previously described (37) .
Electroretinograms (ERGs) and single-cell suction electrode recording
ERG recording was performed as described previously (40) . To measure oscillatory potentials, we quantified the mean absolute amplitude and plotted the waveform between the trough of the a-wave and peak of the b-wave in the time domain after a 30 Hz high-pass filter and quantified peak amplitudes in the frequency domain by fast Fourier transform following a Blackman window (41) . For single-cell suction electrode recording, three Mpp4 knockout and 5
wild type control mice at 5-8 weeks of age were used following a protocol as described previously (42 was also present in the cone terminals (arrows), highlighted by peanut agglutinin (PNA) which labels the cones. +/+, wild type; -/-, Mpp4 mutant. Scale bars, 10 μm (A and C); 500 nm (B). Values are given as mean ± SEM, n (p). P values are given where significant. 
